Currently, 31 dysprosium, 32 holmium, 32 erbium, 33 thulium and 31 ytterbium isotopes have been observed and the discovery of these isotopes is discussed here. For each isotope a brief synopsis of the first refereed publication, including the production and identification method, is presented.
1951 [6] . We considered this first unclassified publication to be equivalent to a refereed paper.
The initial literature search was performed using the databases ENSDF [3] and NSR [7] of the National Nuclear Data Center at Brookhaven National Laboratory. These databases are complete and reliable back to the early 1960's. For earlier references, several editions of the Table of Isotopes were used [8] [9] [10] [11] [12] [13] . A good reference for the discovery of the stable isotopes was the second edition of Aston's book "Mass Spectra and Isotopes" [14] .
Discovery of 139−169 Dy
Thirty-one dysprosium isotopes from A = 139−169 have been discovered so far; these include 7 stable, 19 neutrondeficient and 5 neutron-rich isotopes. According to the HFB-14 model [15] , on the neutron-rich side the bound isotopes should reach at least up to 217 Dy while on the neutron deficient side five more isotopes should be particle stable ( 134−138 Dy). Five additional isotopes ( 129−133 Dy) could still have half-lives longer than 10 −9 s [16] . Thus, about 58
isotopes have yet to be discovered corresponding to 68% of all possible dysprosium isotopes. Figure 1 summarizes the year of discovery for all dysprosium isotopes identified by the method of discovery. The range of isotopes predicted to exist is indicated on the right side of the figure. The radioactive dysprosium isotopes were produced using fusion evaporation reactions (FE), light-particle reactions (LP), deep-inelastic reactions (DI), spontaneous fission (SF), neutron capture (NC), and spallation (SP). The stable isotopes were identified using mass spectroscopy (MS). The discovery of each dysprosium isotope is discussed in detail and a summary is presented in Table 1 .
Dy
Xu et al. first identified 139 Dy in 1999 and reported the results in "New β-delayed proton precursors in the rare-earth region near the proton drip line" [17] . A 176 MeV 36 Ar beam was accelerated with the Lanzhou sector-focused cyclotron and bombarded an enriched 106 Cd target. Proton-γ coincidences were measured in combination with a He-jet type transport system. "A clear 221-keV γ peak and a tiny 384-keV γ peak in the proton-coincident γ(x)-ray spectrum in the 36 Ar+ 106 Cd reaction were assigned to the 2 + →0 + and 4 + →2 + γ transitions in the 'daughter' nucleus 138 Gd of the βp precursor 139 Dy." The observed half-life of 0.6(2) s corresponds to the currently accepted value. blue squares correspond to unbound isotopes predicted to have half-lives larger than ∼ 10 −9 s. 141 
In the 1984 article "Beta-delayed proton emission observed in new lanthanide isotopes" Nitschke et al. reported the first observation of 141 Dy [20] . A 274 MeV 54 Fe beam from the Berkeley SuperHILAC was used to form 141 Dy in the fusion-evaporation reaction 92 Mo( 54 Fe,αn). Beta-delayed protons and characteristic X-rays were measured in coincidence at the on-line isotope separator OASIS. "The ensemble of these observations lead us to the conclusion that two new beta delayed proton emitters 141 Dy and 141 Gd were being observed". The measured half-life of 1.0(2) s is in agreement with the currently accepted value of 0.9(2) s. 142 
The first observation of 142 Dy was reported by Wilmarth et al. in their 1986 paper entitled "Beta-delayed proton emission in the lanthanide region" [21] . Cl, p2n) . The residues were separated with an on-line mass separator and a He-jet system. X-ray and γ-ray spectra were measured. "The 196 and 298 keV γ-rays decay with T 1/2 = 9.0±0.7 s (Takahashi prediction = 7 s) and therefore belong to the 144 Dy β-decay". This half-life is used in the calculation of the currently accepted value. Three months later a 7(3) s half-life was reported for 144 Dy independently by Wilmarth et al. [21] . 145 
In 1982, 145 Dy was simultaneously discovered by Nolte et al. in "Very proton rich nuclei with N≈82" [24] and by Alkhazov et al. in "New neutron deficient isotopes with mass numbers A=136 and 145" [25] . Nolte [27] . A tungsten target was bombarded with 1 GeV protons from the Leningrad synchrocyclotron. X-rays and γ-ray spectra were measured with Ge(Li) detectors following mass separation with the IRIS on-line mass separator facility. "The second set we ascribe to the decay 146 Dy→ 146 Tb.
The analysis of the decay data for K α1 Tb line, gives T 1/2 = 31±5 s, which is in good agreement with the value predicted by Tokahashi et al. for the half-life of 146 Dy." This value agrees with the currently accepted value of 29(3) s.
In 1975, the discovery of 147 Dy was announced in the paper "Excitation energies of the h 11/2 and d 3/2 neutron states in 145 Gd and 147 Dy" by Toth et al. [28] . A 141 Pr target was bombarded with 124−157 MeV 14 N beams from the Oak Ridge isochronous cyclotron. A capillary transport system extracted the product nuclei to a shielded area where singles and coincidence γ-ray measurements were taken with Ge(Li) detectors. "A systematic shift in the X-ray energies can be noted by comparing the three sets of spectra. Based on this and other evidence the 72 and 679 keV γ-rays are assigned to 147 Dy m ". Three weeks earlier Firestone et al. had mentioned a 72 keV γ-ray in 147 Dy without a reference [29] .
148 Dy "Method for obtaining separated short-lived isotopes of rare earth elements" was published in 1974 by Latuszynski et al. documenting their observation of 148 Dy [30] . A tantalum target was bombarded with 660 MeV protons from the Dubna synchrocyclotron. Gamma-ray spectra and decay curves were measured at the end of an electromagnetic separator. "Using the method proposed for investigations in the field of nuclear spectroscopy the gamma-spectra of short-living isotopes with T [34] .
The discovery of 154 Dy was reported in the 1961 paper "Dysprosium-154, a long-lived α-emitter" by Macfarlane [35] . This half-life is included in the calculation of the current value of 8.14(4) h.
158 Dy was discovered by Dempster as described in the 1938 paper "The isotopic constitution of gadolinium, dysprosium, erbium and ytterbium" [40] . Two samples of dysprosium oxide reduced with lanthanum and another sample reduced in addition with calcium were used for the analysis in the Chicago mass spectrograph. "Both samples showed two new isotopes at masses 160 and 158... The isotope at 160 was found on 12 photographs with exposures from one-half to forty minutes, the one at 158 on 4 photographs".
Butement described the observation of 159 Dy in "Radioactive 159 Dy" in 1951 [41] . A sample of dysprosium oxide was irradiated with neutrons from the Harwell pile. Decay curves and X-rays were measured following chemical separation.
159 Dy was also produced in the reaction 159 Tb(d,2n). "After waiting 60 days for complete decay of the 166 Dy, the decay of the long-lived activity was followed for 400 days, and showed a half-life of 132 days... It is concluded that the only long-lived product of neutron capture by dysprosium is 159 Dy." This half-life agrees with the currently accepted value of 144.4(2) d. Butement had mentioned the observation of a half-life >50 days of 159 Dy in an earlier paper [42] . Previously, a 140(10) d half-life was assigned to either 157 Dy or 159 Dy [43] .
160 Dy 160 Dy was discovered by Dempster as described in the 1938 paper "The isotopic constitution of gadolinium, dysprosium, erbium and ytterbium" [40] . Two samples of dysprosium oxide reduced with lanthanum and another sample reduced in addition with calcium were used for the analysis in the Chicago mass spectrograph. "Both samples showed two new isotopes at masses 160 and 158... The isotope at 160 was found on 12 photographs with exposures from one-half to forty minutes, the one at 158 on 4 photographs". and atomic weights of the rare earth elements" [44] . Rare earth elements were analyzed with the Cavendish mass spectrograph. "Dysprosium (66) gave poor spectra but sufficient to indicate that it consists of mass numbers 161, 162, 163, 164 not differing much in relative abundance."
165 Dy
In 1935, 165 Dy was discovered simultaneously by Marsh and Sugden in "Artificial radioactivity of the rare earth elements" [45] and Hevesy and Levi in "Artificial radioactivity of dysprosium and other rare earth elements" [46] published back-to-back in the same issue of Nature. Marsh and Sugden irradiated dysprosium oxide with neutrons from a 400 mCi radon source in contact with powdered beryllium. In the The radioactive holmium isotopes were produced using fusion evaporation reactions (FE), light-particle reactions (LP), deep-inelastic reactions (DI), photo-nuclear reactions (PN), neutron capture (NC), and spallation (SP). The stable isotope was identified using mass spectroscopy (MS). The discovery of each holmium isotope is discussed in detail and a summary is presented in Table 1 .
Ho
The discovery of 140 Ho was reported in "Proton emitters 140 "The low decay energy rules out α radioactivity, and we assign this peak to proton radioactivity from 141 Ho, produced with a cross section σ ∼ 250 nb (at both beam energies)." The observed half-life of 4.2(4) ms is used in the calculation of the currently accepted value of 4.1(3) ms. 144 Sm target. A helium gas-jet system transported the reaction products to a counting station where γ-ray singles and coincidences were recorded with large-volume Ge(Li) detectors. "The 9-s isotope, 148 Ho, was identified mainly through a 1688-keV γ-ray which: (1) was in coincidence with dysprosium K x rays, (2) increased dramatically in intensity when the 10 B bombarding energy was raised from 85 to 96 MeV, and (3) reaction at incident energies in the range of 70 to 90 MeV. At these low energies a small peak was observed at an alpha particle energy of 3.92 MeV which was found to decay with a half-life of 9 min." The ∼20 s and 9 (2) isotopes of lutetium, ytterbium, and holmium" [57] . A tantalum target was irradiated by 660-Mev protons from the Dubna synchrocyclotron. Decay curves and positron spectra were measured following chemical separation. "In the daughter fraction of dysprosium (chromatographically separated from the holmium fraction), the characteristic γ spectrum of Dy 155 was found, using a scintillation γ spectrometer. This makes more plausible the supposition that the mass number of the new isotope of holmium is 155." The quoted half-life of ∼50 min agrees with the currently accepted value of 48 (1) (1) min [56] .
158 Ho was first observed by Dneprovskii in 1961 as reported in "New isotopes of holmium and erbium" [59] . Tantalum targets were bombarded with 660 MeV protons from the Dubna synchrocyclotron and 158 Ho was populated by β-decay from 158 Er produced in the reaction. Conversion electrons were measured with a magnetic beta-spectrograph following chemical separation. "Upon isolation of the daughter holmium isotope from the erbium fraction 2 hr after the latter was isolated from tantalum, the intensity of lines corresponding to γ transitions had dropped one-half within (27±2) min.
From the facts accumulated, we may ascertain the presence of the decay chain Er Decay curves were measured with a Geiger counter and X-and γ-ray spectra were measured with a NaI(Tl) scintillation spectrometer. "From the evidence presented, one can draw the following conclusion: an activity that had at least four characteristic γ-rays was seen in the holmium fraction at full bombarding energy. Each of the photopeaks decayed with a half-life of about 33 min. The four γ-transitions were missing in the holmium fraction when the experiment was carried out below the (α,4n) threshold. with the currently adopted value of 67.0(7) min for an isomeric state. A previously reported half-life of 65.0(5) d [61] was evidently incorrect [62] .
163 Ho
Hammer and Stewart published the observation of 163 Ho in the 1957 paper "Isomeric transitions in the rare-earth elements" [64] . Holmium oxides were irradiated with x-rays from the 75 MeV Iowa State College synchrotron and 163 Ho was produced in the photonuclear (γ,2n) reaction. Decay curves and X-and γ-ray spectra were recorded. "Since Ho is a Ho was produced in multinucleon transfer reactions. X-, β-and γ-ray spectra were measured at the GSI on-line mass separator. "For 172 Ho, the half-life was measured to be 25(3) s and a decay scheme is proposed on the basis of γγ-coincidence data." The quoted half-life is the currently accepted value.
Discovery of 144−175 Er
Thirty-two erbium isotopes from A = 144−175 have been discovered so far; these include 6 stable, 20 neutron-deficient and 6 neutron-rich isotopes. According to the HFB-14 model [15] , on the neutron-rich side the bound isotopes should reach at least up to 224 Er and on the neutron deficient side five more isotopes ( 140−144 Er) should be particle bound. In addition, seven more isotopes ( 133−139 Er) could still have half-lives longer than 10 −9 s [16] . Thus, about 61 isotopes have yet to be discovered corresponding to 66% of all possible erbium isotopes. Figure 3 summarizes the year of discovery for all erbium isotopes identified by the method of discovery. The range of isotopes predicted to exist is indicated on the right side of the figure. The radioactive erbium isotopes were produced using fusion evaporation reactions (FE), light-particle reactions (LP), deep-inelastic reactions (DI), neutron capture (NC), and spallation (SP). The stable isotopes were identified using mass spectroscopy (MS). The discovery of each erbium isotope is discussed in detail and a summary is presented in Table 1 .
144 Er
In the 2003 paper "Fine structure in proton emission from 145 Tm discovered with digital signal processing", first Er was produced in the (7n) fusion-evaporation reaction. A helium gas-jet apparatus was used to transport the recoil products to a collection box where γ-rays, X-rays and delayed protons were measured.
"Therefore, we assign the 9-sec activity to the β decay of the hitherto unidentified isotope 149 Er. Further, we assume that the 9-sec half-life is due primarily (though not exclusively) to the h 11/2 isomer rather than the s 1/2 ground state, since the high-spin species should be the predominant product in a heavy-ion induced compound nuclear reaction." This value is in agreement with the currently accepted value of 8.9(2) s for the isomeric state. 
Er
Dempster reported the discovery of 162 Er in the 1938 paper "The isotopic constitution of gadolinium, dysprosium, erbium and ytterbium" [40] . An erbium oxide sample reduced with lanthanum was used for analysis in the Chicago mass spectrograph. "Two new isotopes were also observed in erbium reduced with lanthanum at masses 164 and 162, the first on eleven photographs with exposures of ten seconds to twenty minutes and the second on four photographs with seven to twenty minutes' exposure. Dempster reported the discovery of 164 Er in the 1938 paper "The isotopic constitution of gadolinium, dysprosium, erbium and ytterbium" [40] . An erbium oxide sample reduced with lanthanum was used for analysis in the Chicago mass had been measured without a mass assignment [46] or assigned to 169 Er [65] .
166−168 Er
In 1934, Aston reported the first observation of 166 Er, 167 Er, and 168 Er in "The isotopic constitution and atomic weights of the rare earth elements" [44] . Rare earth elements were analyzed with the Cavendish mass spectrograph.
"Erbium is not so complex as it was at first supposed to be. The early samples used were evidently contaminated. A pure sample gave three strong lines, 166, 167, 168 and a weak fourth 170."
Er
The identification of 169 Er was described by Bisi et al. in the 1956 paper "An investigation of the first rotational level of 169 Tm [93] . Erbium oxide was irradiated with slow neutrons in the Harwell reactor. Gamma-and beta-ray spectra
were measured with a scintillation spectrometer and a β-ray spectrometer, respectively. "The intensity of the β-rays was followed over 30 days. The half-life was found to be T 1/2 =(9.0±0. 58 isotopes have yet to be discovered corresponding to 64% of all possible thulium isotopes. Figure 4 summarizes the year of discovery for all thulium isotopes identified by the method of discovery. The range of isotopes predicted to exist is indicated on the right side of the figure. The radioactive thulium isotopes were produced using fusion evaporation reactions (FE), light-particle reactions (LP), deep-inelastic reactions (DI), photo-nuclear reac-
tions (PN), neutron capture (NC), and spallation (SP). The stable isotope was identified using mass spectroscopy (MS).
The discovery of each thulium isotope is discussed in detail and a summary is presented in Table 1 . This half-life is within a factor of two of the currently accepted value of 2.2(2) s and the observed γ-transitions in the daughter nucleus 150 Er were identified correctly. 151 Tm was then formed in (2n) and (1p1n) fusion-evaporation reactions. Gamma-ray spectra
were measured with Ge(Li) and NaI detectors. "Since in addition the lines were found to be coincident with Tm X-rays, they are assigned to the N=82 nucleus 151 Tm. The detailed results showed that the four transitions occur in cascade,
de-exciting an isomer with T 1/2 =470±50 ns, and they established the E2 character for the 140 keV transition."
152 Tm
The discovery of 152 Tm was published in the 1980 paper "New results in the decay of 150 Ho and 152 Tm" by Liang et al. [102] . Metallic erbium targets were bombarded with 200 MeV protons from the Orsay synchrocyclotron. Reaction products were separated with the on-line isotope separator ISOCELE II and positrons and γ-ray spectra were measured. Tm were formed in (3n) and (5n) fusion evaporation reactions, respectively. A helium gas system transported recoil products in front of a Si(Au) detector where subsequent α-emission was detected. "The sum of the two curves, labeled A 1 (t)+A 2 (t), is seen to agree with the data points; thus the decay data obtained at 65 MeV for the 4.60-MeV peak are certainly consistent with our assignment of the 4.45-MeV to have no γ-radiation, and the x-and γ-radiation observed in the thulium fraction decays with a half-life of 85 days.
The allocation to mass 168 on the basis of reaction yields is thus confirmed." The quoted half-life is included in the calculation of the currently adopted value of 93.1(2) d. Previously a 100 d activity was assigned to either 167 Tm or 168 Tm [118] .
Tm
In 1934, Aston reported the first observation of 169 Tm in "The isotopic constitution and atomic weights of the rare earth elements" [44] . The rare earth elements were analyzed with the Cavendish mass spectrograph. "Thulium (69) is simple 169."
170 Tm
Neuninger and Rona discovered 170 Tm in 1936 as described in "Über die künstliche Aktivität von Thulium" [120] .
Slow neutrons from a radon-beryllium source irradiated a thulium sample and the subsequent decay curve was measured. Figure 5 summarizes the year of discovery for all ytterbium isotopes identified by the method of discovery. The range of isotopes predicted to exist is indicated on the right side of the figure. The radioactive ytterbium isotopes were produced using fusion evaporation reactions (FE), light-particle reactions (LP), deep-inelastic reactions (DI), neutron capture (NC), and spallation (SP). The stable isotopes were identified using mass spectroscopy (MS). The discovery of each ytterbium isotope is discussed in detail and a summary is presented in Table 1 . [132] , however, it was based on a conference report [133] .
Yb
Ward et al. published the identification of 160 Yb in the 1967 paper "Gamma rays following 40 Ar-induced reactions" [88] . Isotopically enriched tellurium targets were bombarded with 40 Ar beams and ytterbium isotopes were populated in (xn) fusion-evaporation reactions. Gamma-ray spectra were studied using a lithium-drifted germanium counter. Dempster reported the discovery of 168 Yb in the 1938 paper "The isotopic constitution of gadolinium, dysprosium, erbium and ytterbium" [40] . An ytterbium oxide sample reduced with neodymium was used for analysis in the Chicago mass spectrograph. "The ytterbium oxide was reduced by neodymium and also showed two new isotopes at masses 170 and 168." 
Dempster reported the discovery of 170 Yb in the 1938 paper "The isotopic constitution of gadolinium, dysprosium, erbium and ytterbium" [40] . An ytterbium oxide sample reduced with neodymium was used for analysis in the Chicago mass spectrograph. "The ytterbium oxide was reduced by neodymium and also showed two new isotopes at masses 170 and 168."
171−174 Yb
In 1934, Aston reported the first observation of 171 Yb, 172 Yb, 173 Yb, and 174 Yb in "The isotopic constitution and atomic weights of the rare earth elements" [44] . Rare earth elements were analyzed with the Cavendish mass spectrograph.
"Ytterbium (70) appears to contain mass numbers 171,172,173, 174, 176, of which 174 is the strongest." 
Yb
In 1934, Aston reported the first observation of 176 Yb in "The isotopic constitution and atomic weights of the rare earth elements" [44] . [44] . Rare earth elements were analyzed with the Cavendish mass spectrograph. "Ytterbium (70) appears to contain mass numbers 171,172,173, 174, 176, of which 174 is the strongest."
177 Yb
The identification of 177 Yb was reported by Atterling et al. in 1945 in "Neutron-induced radioactivity in lutecium and ytterbium" [139] . Ytterbium samples were bombarded with fast and slow neutrons produced by bombarding LiOH with 6 MeV deuterons and beryllium with 6.5 MeV deuterons from the Stockholm cyclotron, respectively. The resulting activities were measured with a Wulf string electrometer and a Geiger-Müller counter. "As the cross-section for the 1.9 h period is very small we can hardly expect to find the 6.6 d period in the decay curve of Yb. We therefore assign the 
Summary
The discoveries of the known dysprosium, holmium, erbium, thulium and ytterbium isotopes have been compiled and the methods of their production discussed. 
